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The two apparently distinct phenomena of dark energy (or late-time cosmic acceleration) and 
quantum gravity dominate physics on extremely low, and extremely high energies, but do not 
seem to have any apparent empirical connection. Nevertheless, the two have a theoretical con- 
nection, through the cosmological constant problem. I argue that the finite temperature quantum 
gravitational corrections to black hole entropy yields a pressure for the gravitational vacuum (or 
gravitational aether) . Assuming that the relative corrections are linear in horizon temperature (i.e. 
are suppressed by one power of Planck energy), the pressure is comparable to that of dark energy 
for astrophysical black holes. This implies that the observation of late-time cosmic acceleration may 
have provided us with the first precision measurement of quantum gravity, i.e. that of black hole 
entropy. 
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The discovery of the late-time acceleration of cosmic 
expansion at the turn of the century Jj], || , and its inter- 
pretation as being due to a mysterious dark energy com- 
ponent, sent shock waves through the theoretical physics 
community, and is arguably the most puzzling aspect of 
modern cosmology. 

What puts this problem at the heart of modern physics 
and cosmology is that the simplest form of dark energy, 
or a cosmological constant, is predicted in the standard 
model of particle physics, but with a value that is some 
sixty orders of magnitude larger than the observed dark 
energy density. This is known as the cosmological con- 
stant problem ||], which suggests a yet-unknown connec- 
tion between the largest and smallest physical scales ever 
probed, and thus its resolution could revolutionize our 
understanding of fundamental physics. In this letter, I 
will argue that such UV-IR connection may indeed exist 
through horizons of black holes. 

To see this though, we should first review black hole 
thermodynamics. A mysterious discovery of the 20th 
century was that the classical general relativistic black 
holes appear to have a thermodynamic entropy propor- 
tional to their horizon area ||. In fact, one can write 
analogs of all the laws of thermodynamics for the evolu- 
tion of black holes In particular, the first law for a 
general Kerr-Ncwman black hole takes the form: 



focus on Schwarzschild black holes, for which we have: 



dm = T H dS + fldJ + $dQ, 



(1) 



where m is the black hole mass (or ADM energy), while 
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are horizon temperature and entropy, which in turn de- 
pend on surface gravity, n, and area A of the black hole 
horizon. Moreover, O, J, $, and Q are the black hole 
angular frequency, angular momentum, electrostatic po- 
tential, and charge respectively. For simplicity, we will 
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while all the other constants vanish. However, note that 
the results below are only expected to change by dimen- 
sionless factors of order unity, if we relax this assumption. 
Also, note that throughout this letter, unless mentioned 
otherwise, we use Planck units: h = c = G = 1. 

Interestingly, Jacobson has even argued that Einstein's 
equations can be derived from the first law of thermody- 
namics for horizon areas, suggesting that the full Gen- 
eral Relativity (GR), and not just black holes, might be 
a thermodynamic description of a more fundamental the- 
ory Q. More recently, Verlinde provided a less technical 
account of this result for Newtonian gravity [^), which 
was the intellectual motivation for this letter. 

One thermodynamic quantity that is notably missing 
from the first law (Eq. [j]) is pressure. The reason is that 
the asymptotic space-time of Kerr-Newman black holes 
is Minkowski, which implies zero pressure, if one uses 
Einstein's equations. However, as I argue below, there 
might be reasons to think that this may not be accurate 
in a UV-complete quantum gravitational framework. 

An intriguing approach to quantum gravity, known as 
emergent gravity, postulates that rather than being a fun- 
damental symmetry of nature, Lorentz symmetry is an 
emergent phenomenon at low energies, and the funda- 
mental theory does not have this symmetry J24| . Some 
examples of this construction are ]9|, . Also see [O, |l^| 
for experimental/astrophysical bounds on implications of 
such theories in particle physics. 

Breaking Lorentz symmetry introduces a preferred 
frame of reference for the laws of physics. A covariant 
description of emergent gravity would promote this pre- 
ferred frame into a fluid, which acts modern-day 
version of gravitational aether |13 . For example, the 
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Horava-Lifshitz construction of emergent gravity || re- 
duces to GR plus an incompressible fluid at low energies 
0- 

While (by construction) the aether should become ir- 
relevant in classical GR, the leading quantum gravity cor- 
rections might lead to a finite aether pressure. To see 
this, let us consider the corrections to the area law for 
black hole entropy (Eq. |^). While the area law implies 
that the black hole degrees of freedom live on the surface 
of the horizon, one may imagine that this surface has 
an intrinsic thickness of the Planck length. Therefore, 
as a toy model, we may assume that the true entropy 
of a black hole is proportional to the volume of a shell 
at the black hole horizon with Planck thickness, AV. 
Given that the horizon radius is 2m = (AttTh)" 1 for a 
Schwarzschild black hole, this implies: 
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However, note that the sign of the leading correction de- 
pends on how we assume the mean radius of the shell 
changes with T#. 

Inspired by this toy model, we will assume finite tem- 
perature corrections to black hole entropy of the form: 
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(5) 



We further assume similar corrections to the mass- 
temperature relationship: 
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(6) 



although, as we see below, j3 will drop out of the leading 
correction to pressure. 

We are now almost ready to use the first law of ther- 
modynamics: 



TndS = dm + pdV, 



(7) 



for a Schwarzschild black hole to compute the finite- 
temperature pressure, p, of the gravitational aether. 
However, we also need an expression for, V, the 3- volume 
of the horizon. This was found in [^5|, where a gener- 
alized first law for spherical black holes which includes 
variations in the cosmological constant in an Anti-de Sit- 
ter spacetime was derived. For a nearly fiat asymptotic 
spacetime, it simply becomes: 



V 



4 ^bs 



(8) 



r>r H 



which is the missing volume of the 3-space out to r Q b s 
due the black hole horizon. One feature of this definition 



is that it is invariant under the change of coordinates, as 
long as the space-time is approximately fiat at r ~ r b s - 
Moreover, we simply recover the flat space 3- volume for 
a Schwarzschild black hole: 



(9) 
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Now, plugging Eq's (||),(||), and (||) into (0), we find: 
V = anl% + 0(7%) 
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+ 0{Tfj). (10) 



Here, we should note that in fig] , black hole mass is 
identified with its enthalpy, and not its energy. However, 
since pV = const, to leading order in Eq. (|Io|), the energy 
and enthalpy only differ by a constant, which does not 
affect our application of the first law (Q). 

In the second line of Eq. (|l0|), we compare the aether 
pressure to the observed pressure of dark energy: 

PA.obs = -pA,obs = -1-86 x \0- 29 {n A h 2 ) g/cm 3 , (11) 

where 



A = 0.728 ± 0.016, h = 0.704 ± 0.014 



(12) 



quantify the current observational constraints on dark en- 
ergy density and Hubble constant [^6|. It thus becomes 
apparent from Eq. ( p"o| ) why I shall next entertain a con- 
nection between formation of astrophysical black holes 
and the observed dark energy phenomenon. 

A possible connection between astrophysical black 
holes and dark energy was first pointed out in p7| . It 
was later shown how this relationship could emerge in 
the spacetime of a static spherical black hole, surrounded 
by an incompressible gravitational aether [|l8| . To derive 
this, a Trans-Planckian ansatz that limits the rcdshift at 
the Schwarzschild radius to the ratio of Planck to Hawk- 
ing temperatures was assumed j2^| . 

What is novel about the current thermodynamic 
derivation is that the result is quite independent of the 
microphysical model. It simply follows from a dimen- 
sional argument for finite temperature (or quantum grav- 
ity) corrections to black hole entropy, Eq. (||), and the 
first law of thermodynamics, Eq. (Q). Of course, nothing 
precludes setting a = 0, which might indeed be the case 
in some consistent quantum gravity theories. However, 
the discovery of late-time acceleration of cosmic expan- 
sion provides strong evidence to the contrary, i.e.: 



a = (-3.42 ± 0.16) x 10' 
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(13) 



using the current observational constraints on cosmic ac- 
celeration (Eq. [l2]), and assuming an "average" astro- 
physical black hole mass tubh (see below). 



3 



To find Eq. (J13|) , we assumed that aether has only 
pressure and no density, which is the sufficient (but not 
necessary) condition for incompressibility, as in low en- 
ergy Horava-Lifshitz theory. Moreover, the energy den- 
sity of aether is significantly constrained by cosmological 
observations pj. Given that acceleration depends on 
p + 3p, if aether pressure satisfies: 



expected to behave like: 



3p = PA.obs + 3pA,obs = "2-PK,obs, 



(14) 



it will yield the same cosmic acceleration as a cosmolog- 
ical constant with energy density pA,obs [^6| - We stress 
that unlike dark energy, by construction, aether has no 
energy density. However, due to the presence of black 
holes, the standard continuity equation in FRW space- 
times does not apply, and thus pressure can be (nearly) 
constant but non- vanishing. 

The main obstacle in interpreting Eq. (|l5| ) as a cosmo- 
logical measurement of black hole entropy is the relevant 
rfiBH, given that black holes of different masses exist in 
our universe. Since different black holes have different 
horizon temperatures, the system is clearly not in ther- 
mal equilibrium. Therefore, thermodynamic arguments 
will not be sufficient to provide an answer. One way to 
approach this problem is to assume that the aether pres- 
sure is set by Eq. ( |To| ) close to each black hole, and then it 
is in approximate hydrostatic equilibrium in between the 
black holes, assuming that sound crossing time is much 
shorter than the dynamical time of the system. Within 
this assumption, ]l8| ] shows that the mean aether pres- 
sure in a quasi-static space-time of multiple black holes 
depends on an effective mass thbh, where: 

i — - /i \ J2i m i\ nm * n 
mrriBH = (mm Bff ) mass wo i g htod = — ^ ■ (15) 

In other words, tubh is the mass-weighted geometric av- 
erage of black hole masses. Since most of the mass of 
of astrophysical black holes are in stellar black holes, 
they dominate the contribution to tubh, implying that 
™>bh ~ IOMq. However, late-time accretion of mass 
into supermassive black holes could yield TFibh as high 
as 25M Q U|. For this range, Eq. @ implies: 



- 0.05 < a < -0.003. 



(16) 



We should also point out that incompressible gravi- 
tational aether appears in a modification of Einstein's 
gravity that decouples vacuum density from geometry 
[ 17j , thus avoiding the old cosmological constant problem 
[ |]7 However, solutions in this theory that include both 
ordinary matter and black holes are yet non-existent. 

Taken at face value, and barring a sheer numerical 
coincidence, our finding provides a novel challenge for 
quantum gravity theories, which is fundamentally differ- 
ent from the traditional criteria of renormalizability or 
low energy tests. In particular, any description of grav- 
ity as a locally covariant effective action for metric is 
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i.e. the leading relative corrections to GR scale as cur- 
vature, R^ af} ~ Tjj in Planck units. This is consis- 
tent with the fact that relative corrections to the en- 
tropy in many local theories of quantum gravity scale as 

A" 1 log A TfjXogTn (e.g., see (19)). Therefore, we 

expect a = in local theories (at least at the perturba- 
tive level), which implies p ~ Tjj from Eq. (|Io|), and is 
consistent with Hawking radiation field. 

However, note that the assumption of presence of 
aether already precludes local covariance. For example, 
one may expect corrections suppressed by one power of 
mean extrinsic curvature of the aether comoving hyper- 
surfaces, K, which scales as Tjj on dimensional grounds. 
As an example, Let us consider a modification of the GR 
action of the form: 



S f = S 
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where 



f(K) = a'K 3 + <D(K*), 



(18) 



(19) 



if we want the corrections to be analytic in K and Planck 
suppressed. Generalizing the method outlined in Q , we 
can write Sf as: 



5* 



S GR + J d 4 xV=gf(K) = S GR - J d^xj—g [<pK + V(<p)] 
S GR + f <PxV=g Wd*pd M <p-V(<pj\ , (20) 



i.e. a cuscuton action 
transform of f{K): 



20), where V(tp) is the Legcndre 



K 



dV 

d<p ' 



f(K) = -<pK-V(<p), 



(21) 



while the preferred foliation in Sf coincides with con- 
stant tp hypersurfaces for reasonable boundary conditions 
(see |l4| for a discussion). In other words, the preferred 
foliation (or aether comoving) hypersurfaces in Sf are 
constant mean curvature (CMC) surfaces. Also, notice 
that constraint algebra closes as Einstein+cuscuton field 
equations can be solved consistently, at least prior to 
black hole formatio n [pi] . 

For f(K) in Eq. (|l9|) one finds: 



V(ip) = ± 



-9 



3/2 



(27a') 1/2 



+ 0(p 2 /a>). 



(22) 



There is an interesting corollary from the emergence 
of CMC hypersurfaces in Sf action. It was shown in p2] | 
that in the Schwarzschild spacctimc, CMC surfaces of 
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large negative K can get arbitrarily close to the central 
singularity, while CMC surfaces of large positive K barely 
penetrate the horizon, and pile up just inside of it [ p7[ . 
For large K, the CMC surfaces only penetrate the hori- 
zon by the proper distance (or time) of K . Therefore, 
the quantum corrections to the static classical spacetime 
(according to action Sf) only become important close to 
the singularity, as well as within a shell of Planck thick- 
ness inside the Schwarzschild radius. Surprisingly, the 
latter brings us exactly back full circle, to the toy model 
of Eq. (^)! This is also a unique feature of foliation- 
violating theories of quantum gravity, as the spacetime 
remains classical at horizon in local quantum gravities, 
at least at the perturbative level. A notable exception 
might be the "fuzzball" proposal in string theory, where 
the spacetime is quantum mechanical everywhere inside 
the horizon as a result of (non-perturbative) tunneling 
effects (see e.g., Q for a review). 

To conclude, I have argued that possible quantum 
corrections to black hole entropy that are suppressed 
by one power of Planck energy imply a novel quantum 
hair for the black hole, a pressure for gravitational vac- 
uum/aether that scales as the cube of horizon tempera- 
ture in Planck units. This is comparable to the observed 
dark energy pressure for astrophysical black holes, sug- 
gesting the exciting conclusion that observation of late- 
time cosmic acceleration might be the first precision mea- 
surement in quantum gravity. It also provides support for 
emergent or aether theories of gravity, as this type of cor- 
rection is absent in local theories of quantum gravity, at 
the perturbative level. 
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A similar phenomenon is propagation of sound waves in 
a square lattice. Even though the fundamental theory 
is not isotropic, the low energy sound waves propagate 
isotropically. 

In fact, the result is identical to Eq. (p"o|), if one sets the 
Trans-Planckian parameter 8 P (Eq. 20 in |^|) to — 2a _1 . 
A more rigorous version of this statement is derived in 

Note that J22J uses an opposite sign in the definition of 
K. 
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